Abstract The anthropogenic inputs of Rh in the environment-together with other platinum group elementshave increased considerably during the last 20-30 years. However, thermodynamics and kinetics on the interaction of Rh with natural organic and inorganic ligands are still poorly characterized. Here, we report the time-dependent speciation of rhodium chlorides spiked to model freshwater with and without the presence of humic substances. Rhodium species were determined using size-exclusion chromatography-inductively coupled plasma mass spectrometry (SEC-ICP-MS). Results indicate that organic matter can effectively bind rhodium, but the extremely slow reaction kinetics of Rh plays a significant role on its speciation in natural waters. Accordingly, formation of Rh-organic complexes from spiked rhodium chlorides required around 15 days to reach equilibrium; this should be taken into account in those laboratory experiments where the biological interactions of Rh, using spiked samples, are studied. Regarding Rh inorganic speciation in freshwater, the available thermodynamic constants predict the dominance of the neutral trihydroxo and negatively charged tetrahydroxo rhodium complexes over typical pHs (6-8); our results, however, indicate only the presence of negatively charged hydroxocomplexes at pH 7. Reexamination of the Rh stability constants suggest that these hydroxylated rhodium complexes may also dominate its inorganic speciation in seawater.
Introduction
Rhodium represents one of the least abundant trace elements in the environment, with a crustal concentration of around 0.06 ng g −1 (Wedepohl 1995) and below 0.4 ng L −1 in water bodies (Ravindra et al. 2004) . In anthopogenically impacted areas, especially those close to roads and urban areas, a 10 2 -10 3 -fold enrichment has been found leading to a significant scientific effort on the development of reliable analytical methodologies for the determination of its environmental concentrations, mobility, reactivity, and biological impact (e.g., Rauch et al. 2000; Jarvis et al. 2001; Moldovan et al. 2001; Whiteley and Murray 2005; Zereini et al. 2007; Dahlheimer et al. 2007; Colombo et al. 2008; CobeloGarcia et al. 2008 ). This enhanced Rh environmental concentration has been linked to its use (together with Pt and Pd) as catalysts in vehicle exhaust systems, which were introduced in the past 20-30 years. Here, platinum group elements (PGE: Pt, Pd, and Rh) convert noxious compounds, such as hydrocarbons, carbon monoxide, and nitrogen oxides, into more innocuous compounds like carbon dioxide, nitrogen, and water (Moldovan et al. 2006) . The relative and absolute concentrations of PGE in the catalyst depend on a number of factors, including manufacturer, vehicle type, engine, and catalytic functions required, although values of total PGE are roughly around 0.5 % (w/w) of the catalyst (Reinhard 2006) . During abrasion and aging of the washcoat layer of the catalyst, PGE are emitted as particles at rates of 6-161 ng km −1 (Pt), 8-54 ng km −1 (Pd), and 3-77 ng km −1 (Rh), depending on the type and age of catalyst, type of engine, vehicle speed, status of the vehicle, way of driving, and meteorological conditions (Moldovan et al. 2006 ).
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Rhodium speciation in natural waters is not well characterized, despite the well-known dependence of the biological availability (including toxicity) of trace elements with their chemical speciation (e.g., Campbell 1995) . The available information indicates that inorganic speciation of Rh is dominated by aquo-hydroxo, aquo-chloro, and mixed aquohydroxo-chloro complexes in the form of [RhCl x (OH) y (H 2 O) 6-x-y ]
3-x-y , x, y00 to 6 and x+y≤6 (Buslaeva and Simanova 1999) , and there is evidence for interaction of the metal with dissolved organic matter (Menzel et al. 2001; Cobelo-Garcia et al. 2007 ). There is, however, no complete, or reliable dataset for kinetic and thermodynamic parameters of Rh(III) complexes with relevant inorganic (e.g., Cl
− and OH − ) and organic ligands. This may be attributed to the determination of constants at different temperatures and/or ionic strengths, and under conditions that are not environmentally relevant (Buslaeva and Simanova 1999) , and the remarkably slow kinetics involved in the Rh(III) ligand replacement reactions, thereby casting doubt onto how close experimental systems have been (Gerber et al. 2010) .
Lack of reliable thermodynamic and kinetic information on the interaction of rhodium with natural organic and inorganic ligands is a major weakness for the assessment of the reactivity, transport, and biological impacts of rhodium in the environment. To this end, we have conducted a series of time-dependent experiments to monitor the speciation of Rh spiked-as its chloride forms in order to mimic the conditions normally used in Rh bioaccumulation experiments (e.g., Sures and Zimmermann 2007) -into model freshwater with and without the presence of humic substances. Results are discussed in terms to (1) compare the experimental observations obtained with speciation calculations using available thermodynamic data, (2) the implications for Rh reactivity and mobility in the environment, and (3) the critical kinetic issues that need to be considered in the experimental approaches of Rh bioaccumulation studies.
Materials and methods

Apparatus and reagents
Potassium perchlorate (KClO 4 ), disodium phosphate (HNa 2 PO 4 ), and monosodium phosphate (H 2 NaPO 4 ) were purchased from Fluka (Biochemika Ultra, ≥95.5 %). A highly hydrophilic synthetic polymer stationary phase (porous spherical polyhydroxymethacrylate gel) column was used (PolySep-GFC-P 2000 from Phenomenex, Macclesfield, Cheshire, UK). The separation range specified by the manufacturer is 0.1-10 KDa. The system consisted of a solvent delivery system, a Rheodyne six-port PEEK injection valve, and a quadrupole ICP-MS (VG Plasmaquad 3, Thermo Elemental, Winsford, UK). A PEEK sample loop of 200 μL was used. In order to correct for instrumental drift during the duration of the chromatograms, an internal standard (Indium at a concentration of 10 μg L −1 each) was added prior to the introduction of the sample in the ICP-MS at a flow rate of 0.5 mL min −1 with the aid of a T-junction using a peristaltic pump.
Mobile phase and calibration of the column
Mobile phase consisted of organic-free artificial freshwater (prepared as given in Errecalde et al. 1998 ) to which a nonmetal complexing background electrolyte (10 mM KClO 4 ) and phosphate buffer (5 mM) were added. Phosphate buffer was used to adjust the mobile phase at the desired pH (7.0±0.1).
The column was calibrated using the following organic substances ( Fig. S1 
SEC-UV of the humic material
The UV chromatogram of the AHA (Aldrich humic acids; 100 mg L −1 in mobile phase) was recorded for the characterization of the size distribution of the organic matter used in the experiments (Fig. 1) . The humic material starts to elute at 8.4-8.5 min, i.e., 0.3-0.4 min before the void volume of the column indicating that a fraction of the organics has a MW higher than the exclusion limit of the column (10 4 Da) and/or some rejection between the organic molecules and the stationary phase was occurring at the mobile phase composition used. The peak of humic acids was centered at 9.2 min, resulting in an approximate size of the average organic molecules of log MW 3.67, which is in reasonable agreement for the number-averaged molecular weight of the AHA reported in the literature (log MW 3.21-3.49; Becket et al. 1987; Chin et al. 1994) .
Incubation experiments
The experimental procedure was as follows: a stock solution of 10,000 μg L −1 Rh 3+ was prepared in 1 M HNO 3 from the commercial standard (10,000 mg L −1 of Rh(III) in 10 % HCl). Immediately after (<1 min) preparation of the stock solution, a volume (generally 1 μL per mL of sample) was spiked to the sample to give a concentration of approximately 100 nM Rh(III) (~10 μg L −1 ), and the pH was brought back to 7.0 by appropriate addition of NaOH. This rhodium concentration used in the incubation experiments is higher than those present in typical natural waters (generally below 0.4 ng L −1 ; Ravindra et al. 2004 ), but was chosen to allow a direct determination using ICP-MS and is low enough to avoid formation of polynuclear complexes normally present at higher concentrations (Maslei et al. 1976) . Rhodium speciation was then monitored with respect to time by means of SEC-ICP-MS. Three different types of samples (matrices) were used: (1) mobile phase (see composition above), pH 7.0; (2) mobile phase, pH 7.0+100 mg L −1 AHA; and (3) mobile phase, pH 7.0+10 mg L −1 AHA. In these experiments, the sample was not passed through the UV detector in order to decrease the length of the tubes with the aim of minimize the dispersion of the sample and therefore the width of the peaks. A schematic representation of the experimental layout is given in Fig. 2 .
Speciation calculations
Speciation diagrams were obtained using the Medusa software (http://www.kemi.kth.se/medusa/) and the stability constants reported in Tables S1 and S2 of the Electronic supplementary material (ESM).
Results and discussion
Kinetic effects on the speciation of Rh(III) spiked to freshwater
Ideally, separation of different molecules using sizeexclusion chromatography relies only on the molecular weight; in practice, interactions of the analytes with the stationary phase may lead to early or retarded elution (e.g., Piatina and Hering 2000) . We took advantage of this phenomenon to separate the different Rh(III) species depending on their charge, which determines the affinity or repulsion with the stationary phase. The column used in this study is packed with a hydrophilic polyhydroxymethacrylate gel, containing hydroxyl groups (and potentially residual carboxyl groups); negatively charged Rh(III) complexes are expected to suffer from early elution due to charge exclusion with the hydroxyl groups, whereas positively charged complexes are likely to suffer from a opposite behavior. Peak assignment to Rh(III) species was done based on charge interactions and Rh(III) kinetic parameters, as discussed below.
The chromatograms recorded at short incubation times (5-275 min, Figs. 3, 4, and 5) show a similar pattern independently of the presence and amount of humic material. The first Rh(III) species (peak 3) appears at an elution time of 10.5 min., which corresponds-in the theoretical case of no analyte-stationary phase interaction-with a molecule weight of approximately 1.7 kDa. This value is one order of magnitude higher than the molecular weight of the possible Rh(III) species present in solution (0.2-0.
, where x≤6; 0 ≤ y≤6−x; z06−x−y. If we assume that Rh(III) species in the commercial stock solution-supplied at a HCl concentration of approximately 3.0 M-are at thermodynamic equilibrium, then~60% of Rh (III) - (Gerber et al. 2010) . The pseudo-first order aquation rate constants at zero ionic strength-extrapolated from the data given by Gerber et al. (2010) 2− will disappear during the first few hours. We can therefore assign peak 3 to the rhodium pentachloride species.
The major peak, centered at 11.6 min (peak 1), is assigned to cis- In)x1000 carboxyl groups, explaining the retention time beyond the permeation limit. Chromatographic differences between the three samples appear after 6 days of equilibration (Figs. 3, 4, . However, the elution time of the dominant peak for the three samples differ, indicating the presence of different Rh(III) species. Accordingly, in the absence of humic acids, this peak (peak 4 in Fig. 3) . Assuming no polymerization of the rhodium complexes, which is unlikely at the working concentrations used (Maslei et al. 1976) , this would indicate the presence of a negatively charged hydroxylated Rh(III) complexes in solution. We suspect that acid hydrolysis yielding the final Rh-hydroxide complexes starts before the two chlorides can be substituted by water molecules, as this process seems to be more rapid than aquation (Palmer and Harris 1975) In the presence of 100 mg L −1 of AHA, after 6 days of incubation, the dominant peak of Rh(III) is observed at short retention times (9.6 min; peak 5 in Fig. 4) , and becomes the only peak after 15 days. At longer incubation times (22 and 31 days), this peak elutes at slightly lower retention times (9.4 min) and the front of the peak becomes more vertical. The fact that this elution time is different than in the absence of organic matter (that appeared at 10.4 min) and very similar to the elution time of the humic substances (9.2 min; Fig. 2 (Fig. 5) which is within the retention times of the two experiments reported above. This indicates that even after a long equilibration time of 31 days, the co-existence of organic complexes and negatively charged hydroxo species of Rh(III) in the sample is evident.
Comparison of Rh(III) inorganic speciation with thermodynamic calculations
Speciation calculations of Rh with inorganic ligands in freshwater (1 10 −3 M chloride) were carried out using the stability constants available in the literature which are compiled in Tables S1 and S2 (Fig. 6) . These results arise from the stability constants of the hydroxo complexes of rhodium given by Maslei et al. (1976) as chloride complexes are not significant at environmentally relevant pHs. The existence of two rhodium species does not agree with the chromatographic results, which suggest the presence of a single dominant type of species. The possibility of rhodium polymerization leading to the single peak observed seems unlikely as the concentrations in our experiments (0.1·10 −6 M Rh) are 1 order of magnitude lower than those used by Maslei et al. (1976; 1-5·10 −6 M) where they reported no polymerization under such conditions. Therefore no polymeric hydroxo complexes of rhodium should be present in our experiments. A possible explanation for this situation is that Maslei et al. (1976) did not use final equilibrium pHs in their calculations. They used Rh(ClO 4 ) 3 as the starting species, and upon acid hydrolysis, decrease the initial sample pH, and this is especially critical at near-neutral values. If that was the case, the predominance area for each of the rhodium-hydroxide complexes would shift towards lower pHs, in agreement with our proposed speciation.
Regarding chloride complexes, which may be important in saline waters, Gerber et al. (2010) have showed that the available constants (see Table S2 ) are incorrect as they predict complexes with higher chloride content than those obtained in their experimental results undertaken under equilibrium conditions in chloride solutions. Although it is evident that the stability of chloride and hydroxide complexes of rhodium need further refinements, we used them Tables S1 and S2 of the supporting information. The shaded area represents the pH of the samples studied in this work to calculate a "tentative" Rh(III) speciation in seawater. The study and prediction of the reactivity and mobility of Rh(III) in the environment requires a knowledge on its reaction kinetics and thermodynamic data with naturally occurring inorganic and organic ligands. The extremely slow kinetics of Rh(III) reactions may control to a significant extent its speciation in natural waters. This can be especially critical in rapid changing environments (e.g., estuaries) where the concentration of inorganic and organic ligands varies in a short time scale. Here, ambient speciation may reflect past and present scenarios as suggested for other kinetically impeded elements (e.g., Pt; Cosden and Byrne 2003) . Also, the interactions of Rh with organic matter, as shown in this study, may control its transport or fixation in organic-rich aquatic systems with elevated rhodium concentrations derived from vehicular traffic pressure (e.g., urban lakes and rivers, road run-off, etc.).
Chromatographic results here obtained suggests that inorganic rhodium speciation in freshwaters is dominated by negatively charged hydroxides. It is also interesting that tentative speciation calculations in seawater using reported stability constants also suggest the predominance of hydroxylated species. These species, having a negative charge, are likely to have little attraction for the negatively charged surface of the marine particles. In our previous studies (Cobelo-García et al. 2007 , we observed the precipitation of Rh spiked to seawater under typical pHs, and this was interpreted as the salt-induced destabilization of polymerized Rh complexes formed at such concentrations (10 μg L −1 ) at alkaline conditions. It is, however, unlikely that this polymerization occurs at typical concentrations (<0.4 ng L −1 ). Accordingly, Bertine et al. (1996) observed that Rh is remarkably stabilized in seawater compared to its crustal abundance; the suggested Rh speciation as negatively charged hydroxylated complexes in seawater would explain such behavior.
Recommendations for laboratory experiments on the reactivity and bioavailability of Rh
The kinetic impediments of Rh are critical for those laboratory experiments where the reactivity and bioavailability of rhodium is studied after being spiked with different amounts of this element-generally, as in the present work, as its chloride complexes (e.g., Sures and Zimmermann 2007; Diehl and Gagnon 2007; Mulholland and Turner 2011) . Here, we have shown that the equilibrium speciation of Rh is not rapidly attained; given that metal bioavailability and reactivity greatly depends on its speciation, samples should be allowed to equilibrate after spiking (>15 days) before the experiment is started to let rhodium reach equilibrium with the inorganic and organic ligands present. Otherwise, results would not reflect the real environmental speciation and may lead to inaccurate estimations of Rh biological interactions.
